Causative variants in APP, PSEN1 or PSEN2 account for a majority of cases of autosomal dominant early-onset Alzheimer disease (ADEOAD, onset before 65 years). Variant detection rates in other EOAD patients, that is, with family history of lateonset AD (LOAD) (and no incidence of EOAD) and sporadic cases might be much lower. We analyzed the genomes from 264 patients using whole-exome sequencing (WES) with high depth of coverage: 90 EOAD patients with family history of LOAD and no incidence of EOAD in the family and 174 patients with sporadic AD starting between 51 and 65 years. We found three PSEN1 and one PSEN2 causative, probably or possibly causative variants in four patients (1.5%). Given the absence of PSEN1, PSEN2 and APP causative variants, we investigated whether these 260 patients might be burdened with protein-modifying variants in 20 genes that were previously shown to cause other types of dementia when mutated. For this analysis, we included an additional set of 160 patients who were previously shown to be free of causative variants in PSEN1, PSEN2 and APP: 107 ADEOAD patients and 53 sporadic EOAD patients with an age of onset before 51 years. In these 420 patients, we detected no variant that might modify the function of the 20 dementia-causing genes. We conclude that EOAD patients with family history of LOAD and no incidence of EOAD in the family or patients with sporadic AD starting between 51 and 65 years have a low variant-detection rate in AD genes.
INTRODUCTION
Autosomal-dominant early-onset Alzheimer disease (ADEOAD) is a rare form of AD affecting patients before the age of 65 years (EOAD) and inherited with an autosomal-dominant pattern. Causative variants (ie, variants reported to cause EOAD with high penetrance when found in a heterozygous state in autosomal-dominant families) in PSEN1, PSEN2, APP (exon 16 or 17) or duplications encompassing the APP locus were found in 77% of families with at least two firstdegree relatives from two generations diagnosed with EOAD in our series 1 (named thereafter ADEOAD). Some EOAD patients belong to families where one or more affected relatives suffered from AD after 65 years only (late-onset AD, LOAD) and are therefore not diagnosed with ADEOAD. Following our guidelines for AD genetic diagnosis, these patients are not genetically screened. Several other patients present sporadic EOAD. In such cases, genetic screening is less effective. Indeed, following our guidelines for AD genetic diagnosis, we performed genetic screening in patients with sporadic AD with an age of onset before 51 years and found that 16/89 (17.9%) of them carried a causative or probably causative variant in APP, PSEN1 or PSEN2 (data from the French national center for young Alzheimer patients). However, variant-detection rate in patients with sporadic AD and an onset between 51 and 65 years is unknown.
Targeted massive parallel sequencing (next-generation sequencing (NGS)) of a given, clinically significant gene panel has been shown to be a powerful, cost-effective technique to assess the genetic cause of diseases with a high degree of genetic heterogeneity or with numerous differential diagnoses. [2] [3] [4] It is also considered to be time-effective compared with sequential Sanger screening of multiple genes. Such a strategy was recently successfully applied to patients with early-onset dementia, 5 where a good sensitivity and a good specificity were found. The identification of previously unidentified causal variants in 2/10 samples previously sent for Sanger sequencing of one or more dementia genes illustrated the potential power of this approach. In a research setting, an alternative to targeted sequencing is to perform whole-exome sequencing (WES) and focus first analyses on the same genes as in the gene panel, saving the other genes for later analyses if no causative or probably causative variant is identified. Indeed, WES allows for the massive parallel sequencing of all protein-coding exons, representing 1.2% of the genome, and encoding the approximately 20 000 genes. WES gives access to about 20 000 coding variants per exome, approximately 1000 of which have a frequency of o1% in variant databases or are private variants. One common technical difference between WES and targeted (gene panel) sequencing by NGS is the depth of coverage, which is often designed to be higher in gene panel sequencing than WES, allowing for more accurate variant calling efficiency and therefore fewer false negatives. 4 As WES offers insight into nearly all genes and not only the several with diagnostic value or research interest at a given date, using WES could be effective in a research setting, provided there is a good depth of coverage in genes of interest, 2,4 especially in a group of patients with a rather low expected variant-detection rate in genes of diagnostic value.
In an effort to understand the molecular bases of EOAD, we performed WES with high depth of coverage in 424 carefully selected patients with EOAD, including (i) patients with family history of LOAD and no incidence of EOAD in the family (thereafter referred to as 'LOAD only') or with sporadic AD starting between 51 and 65 years (no genetic prescreening) and (ii) patients with ADEOAD or sporadic AD with an onset before 51 years and no causative or probably causative variant in the known AD genes. We first searched for APP, PSEN1 and PSEN2 variants and then analyzed for a list of 20 other dementia-causing genes.
PATIENTS AND METHODS Patients
Patients were recruited by a French memory clinical network including 24 expert centers. Diagnoses were made according to the NINCDS-ADRDA criteria. 6 All patients underwent a comprehensive clinical examination, including personal medical and family history assessment, neurological examination, neuropsychological assessment and neuroimaging. When available, CSF AD biomarkers had to be consistent with an AD profile according to the above criteria. The cutoffs used to define a biochemical AD signature were: Aβ 42 o550 pg/ml, Tau4350 pg/ml, and P-Tau460 pg/ml. We also calculated the Tau/Aβ 42 ratio and a value 40.52 was considered abnormal. 7 Two criteria differing by stringency were used to classify CSF samples as supportive of an AD diagnosis: either (i) all three biomarkers were abnormal or (ii) two out of three biomarkers and the Tau/Aβ 42 ratio were abnormal. When patients had negative CSF results, the diagnosis of AD was not retained and they were not included. We defined patients with EOAD as patients with AD and an age of onset before 66 years and LOAD patients with an age of onset after 65 years. We defined familial AD as a patient with AD and positive family history of AD, whatever the age of onset, and sporadic AD as patients with no known family history of AD.
All patients gave informed, written consent for genetic analyses. This study was approved by our ethics committee. All blood samples from patients with EOAD referred to our national reference center for young Alzheimer patients were extracted using the Qiagen DNA Blood Kit (Qiagen, Hilden, Germany). APOE genotyping was performed in all EOAD samples by sequencing.
Following our national guidelines for AD genetic diagnosis in EOAD, we sequenced the entire coding region of PSEN1, PSEN2 and exons 16 and 17 of APP by Sanger method and searched for APP duplication by QMPSF as previously described 8 in patients with ADEOAD and in patients with sporadic AD with an age of onset before 51 years.
We then selected for WES 424 EOAD patients distributed as following (Figure 1 ,Supplementary Table S1): (i) patients who did not fulfill our guidelines for AD genetic diagnosis (n = 264), including 90 with at least one affected relative with LOAD but none with EOAD (hereafter referred to as 'LOAD only') and 174 with sporadic AD and a disease onset between 51 and 65 years and (ii) patients fulfilling our guidelines for AD genetic diagnosis and no causative variant (n = 160, including 107 patients with ADEOAD and 53 patients with sporadic AD and an age of onset o51 years).
A total of 9 patients had a neuropathological confirmation of AD diagnosis and 239 had positive CSF biomarkers. The other 176 were carefully selected, in the absence of CSF analysis, on other criteria, using neuropsychological assessments (evidence of a progressive amnestic syndrome of the hippocampal type associated with another cognitive dysfunction) and evidence of neuronal injury using imaging criteria (AD pattern of a cortical atrophy on magnetic resonance imaging and/or decreased 18 fluorodeoxyglucose uptake on positron emission tomography).
Whole-exome sequencing
Exomes were captured using the Agilent Sureselect All Exons Human V4+UTR (n = 8) or V5 (n = 416) Kits (Agilent technologies, Santa Clara, CA, USA). Final libraries were then sequenced on a HiSeq2000 with paired ends, 100-bp reads performed at two sequencing centers. Reads were mapped to the 1000 Genomes GRCh37 build using BWA 0.7.5a. 9 Picard Tools 1.101 was used to flag duplicate reads. We applied GATK for indel realignement, base quality score recalibration and SNPs and indels discovery using the Haplotype Caller across all samples simultaneously according to GATK 3.3 Best Practices recommendations. 10 The joint variant calling file (VCF) was annotated with refGene gene regions, SNP effects, functional effect prediction tools, as well as Exome Variant Server (EVS) and 1000 Genomes minor allele frequencies (MAFs) using Annovar (http://www.openbioinformatics.org/annovar/).
The annotated VCF was analyzed as following: we first extracted high-quality exonic and splice site variants with a MAF of o1% in the European-American data set of the EVS and/or the European data set of the 1000 Genomes project for PSEN1, PSEN2 and APP genes (variant nomenclatures refer to NM_000021.3 and NM_000447.2, respectively, for PSEN1 and PSEN2 through the main text). We interpreted the variants using the Human Gene Mutation Database (HGMD, www.hgmd.cf.ac.uk), AD&FTD (www.molgen.ua.ac.be/ admutations/) and AlzForum (alzforum.org/mutations) databases and by literature search, and finally classified them following the Guerreiro et al 11 algorithm. We submitted the variants classified as causative, probably or possibly causative to the Leiden Open Variation Database (LOVD, http:// databases.lovd.nl/shared/genes). If no causative, probably or possibly causative variant was identified in these genes, we again extracted variants with MAFo1% among a list of 20 genes known to cause Mendelian forms of other types of dementia, including the frontotemporal dementia spectrum (n = 8, MAPT, GRN, VCP, TREM2, SQSTM1, FUS, TARDBP, CHMP2B), dementia with Lewy bodies (n = 3, LRRK2, SNCA, PINK1), vascular dementia (n = 3, NOTCH3, HTRA1, COL4A1) and other neurodegenerative diseases (n = 6, PRNP, DNMT1, ITM2B, SERPINI1, CSF1R, TYROBP), based on a previously published list 5, 12 and literature review (Table 1) . Variants were then manually annotated using the Human Gene Mutation Database (HGMD, www. hgmd.cf.ac.uk), AD&FTD (www.molgen.ua.ac.be/admutations/) and AlzForum (alzforum.org/mutations) databases, and when reported in at least one database as causative or probably causative, by literature review on a variant to variant basis. New loss-of-function variants (nonsense, frameshift indels and canonical splice site disruptions) in genes where loss of function was documented as the causative mechanism (eg, GRN) were also considered as probably causative. Intronic 'splice site' variants were analyzed if located ± 5 bp near each coding exon boundary. Deeper intronic analysis was performed for MAPT and GRN, as causative variants were previously reported more deeply.
Variants finally interpreted as causative, probably or possibly causative were confirmed by Sanger sequencing.
RESULTS

PSEN1 and PSEN2 variants
WES was performed in a total of 424 patients with EOAD. Mean depth of coverage of the bases of interest (exons ± 5 intronic bases) of PSEN1, PSEN2 and APP genes was 159x, 105x and 136x, respectively. An average of 99.97% of bases of interest was covered by at least 10 reads (see also Supplementary Figures S1-S4 for coverage statistics).
No variant was found in exons 16 and 17 of APP. We found three PSEN1 and one PSEN2 causative, possibly or probably causative variants (Table 2, Supplementary Table 2) . None of the patients carrying these variants were previously screened by Sanger sequencing, because they did not fulfill our guidelines for AD genetic diagnosis (4/264, 1.5%). Pathogenicity of the PSEN2 c.715A4G, p. (Met239Val) variant was previously reported (in all three databases) (http:// databases.lovd.nl/shared/variants/0000061763). The three PSEN1 variants were previously unreported, to our knowledge. Pathogenicity is, however, probable for two and possible for the third, according to the Guerreiro et al 11 (Ala231Thr) and c.1169G4T, p.(Ser390Ile) ), the residues are highly conserved (between PSEN1 and PSEN2 and across species) and are therefore predicted to be damaging by most prediction tools (Supplementary Table S2 ). Conversely, not every prediction tool identifies c.1309A4G, p.(IleI437Val) (http://databases. lovd.nl/shared/variants/0000061762) as damaging, but it is located on a highly conserved residue (between PSEN1 and PSEN2 and across species) and is just contiguous to the two causative variants c.1306C4A, p.(Pro436Gln) and c.1306C4T, p.(Pro436Ser). It is therefore classified as possibly causative.
The four patients with one of the above-mentioned variants had a disease onset between 53 and 57 years ( Table 2 ). Two of them had a sporadic presentation. The father of the patient carrying the PSEN2 causative variant died at age 48 years of another cause with no history of cognitive decline, leading to a censoring effect. No censoring effect was noted in the family of the patient carrying the PSEN1 c.1309A4G, p.(IleI437Val) variant. As the parents' DNA was not available for testing, we could not check whether the variant occurred de novo or not. The two PSEN1 probably causative variants were found in patients with positive family history of AD, which was not precise enough to fulfill our guidelines for AD genetic diagnosis. In the family with the c.691G4C, p.(Ala231Pro) variant, the pedigree showed that the father died at a young age, leading to a censoring effect. His own father presented AD (unknown age at onset). In the family with the c.1169G4A, p.(Ser390Asn) variant, the paternal aunt was diagnosed with AD at age 68 years, the age of onset was said to be~3 years before (DNA not available). Surprisingly, the father of the proband (obligate carrier) died at age 68 years with no history of cognitive TYROBP (AR, Nasu-Hakola disease)
Abbreviations: AD, autosomal dominant; ALS, amyotrophic lateral sclerosis; AR, autosomal recessive; CADASIL, cerebral AD arteriopathy with subcortical infarcts and leukoencephalopathy; CARASIL, cerebral AR arteriopathy with subcortical infarcts and leukoencephalopathy. As repeat expansions cannot be assessed by WES, we did not include genes causing diseases associated with dementia where the sole known genetic mechanism was repeat expansion (eg, C9ORF72). Table 2 ). The significance of the APP rare variants -all located outside exons 16 and 17 -remains to be determined, although their locations reasonably suffice to exclude a causative role in a Mendelian context. The roles of several rare non-synonymous PSEN1 and PSEN2 variants remain, however, uncertain. In particular, we identified an in-frame deletion of Asp 40 (c.116_118del, p.(39_40del)) in PSEN1 in one patient (sporadic, age of onset (AOO) 51 years, APOE 34 genotype), which was already found in a patient with EOAD who presented with frontal dysfunction signs but with no segregation or functional data. 13 The same c.116_118del, p.(39_40del) variant has already been reported with a MAF of 0.02% in the EVS. Another rare variant, c.104G4A, p.(Arg35Gln), has also already been detected in controls (MAF of 0.03% in the EVS) and is predicted benign by most software. Moreover, it did not segregate with AD in one French pedigree with another (cosegregating) causative variant (c.360A4C, p.(Glu120Asp), personal data). Additionally, we detected one new missense PSEN1 variant, c.207A4T, p.(Glu69Asp), in a patient with sporadic EOAD starting at the age of 55 years (APOE genotype: 33). This variant has never been reported, is predicted benign by most software and the residue is not conserved in PSEN2. We classified it as likely not causative. Within PSEN2, two other rare missense variants were detected: c.211C4T, p.(Arg71Trp) (in two patients: (1) sporadic, AOO: 60 years, APOE 33 and (2) familial, AOO 65 years, APOE 34, segregation could not be assessed) and c.389C4T, p.(Ser130Leu) (in three patients: (1) sporadic, AOO: 62 years, APOE 33, (2) familial, AOO: 65 years, APOE 33, segregation could not be assessed, and (3) sporadic, AOO: 51 years, APOE 24). Although already found in patients with LOAD, they were also identified in control databases European American EVS and European 1000 Genomes with a MAF of 0.1 and 0.26%, respectively, (c.389C4T) and of 0.37 and 0.01% (c.211C4T), respectively. Moreover, functional assays 14 and segregation analyses 15 were not in favor of a causative role in a Mendelian context.
Other dementia genes
We next analyzed variants from a list of 20 genes reported to cause other types of dementia when mutated. Mean depth of coverage was 129 × within the bases of interest from this list (see also Supplementary Figures S1-S4 for coverage statistics). Genes were covered in average by at least 10 reads on 98.4% of bases. Except for HTRA1, where only 84% bases of interest were covered by at least 10 reads, all remaining genes were covered on at least an average of 99.2% of bases of interest by 10 reads.
We identified a total of 114 rare non-synonymous variants in 170 patients in the dementia gene list. HGMD classifies variants as 'DM' (disease-causing mutation), 'DM?' (disease-causing mutation?), DP (disease-associated polymorphism), DFP (disease-associated polymorphism with additional supporting functional evidence) or FP (in vitro/laboratory or in vivo functional polymorphism) according to literature. 16 However, falsely classified variants are not rare, 17 and this classification is therefore not sufficient to conclude about the pathogenicity of a previously published variant, as illustrated by several variants of unknown significance identified in dementia genes in our data set, classified as 'DM' but with evidence against this classification in the literature. Indeed, taking the autosomal-dominant or -recessive inheritance pattern of the selected genes into consideration (Table 1) , no patients carried variants that could explain their phenotype. All non-synonymous variants with unknown significance are reported in Supplementary Table S2 . We finally could not classify 95 variants (found in 146 patients) in the dementia gene list as causative or not. We cannot exclude the possibility that some of these variants of unknown significance could be reclassified in the future based on putative functional and/or genetic arguments or might confer an increased risk for developing AD.
DISCUSSION
We found that, among the 264 patients not prescreened by Sanger sequencing following our guidelines, only 4 (1.5%) harbored a causative, possibly or probably causative variant within PSEN1 (3) or PSEN2 (1). Censoring effect was observed in the sporadic patient with the PSEN2 variant. The patient carrying the PSEN1 c.1309A4G, p.(IleI437Val) variant had a sporadic presentation of EOAD at age 57 years with no censoring effect, suggesting that, in exceptional cases, sporadic EOAD starting after 50 years may be due to a PSEN1 causative variant. Parents' DNA was not available, so we could not test the hypothesis of a de novo occurrence. 18, 19 Regarding the two patients with positive family history, post hoc analyses of the pedigrees could allow reclassifying them as ADEOAD. Taken together, this suggests that in patients with sporadic EOAD with an age of onset between 51 and 65 years and no censoring effect as well as in patients with EOAD and family history of LOAD only, PSEN1, PSEN2 and APP variantdetection rates might be extremely low, compared with those found with our guidelines for AD genetic diagnosis (ADEOAD and sporadic AD with an age of onset before 51 years). For such patients, WES could be more cost-and time-effective if used as a first-line genetic tool in a research setting. Indeed, only a few patients will be excluded for further research studies regarding the rest of the exome because of a causative PSEN1, PSEN2 or APP variant, while Sanger prescreening of all patients would have taken long time with a high final cost. However, using WES to extract variants from a given gene list in a diagnostic setting should be evaluated in medico-economic studies as it would result in a low rate of results with diagnostic value in this specific group of patients. Conversely, genetic screening by Sanger sequencing (or use of targeted NGS of a gene panel) following our guidelines (ADEOAD and sporadic AD starting before 51) remains a choice strategy, followed by WES in a second line only in variantnegative patients.
In our genetic prescreening, we noted that none of the 11 patients with sporadic AD starting before 51 years and homozygous for the APOE4 genotype carried a causative, possibly or probably causative variant. This was also the case for the five patients selected for WES with sporadic AD starting between 51 and 65 years. APOE4E4 genotype is a strong risk factor for AD and is also considered as a gene with semi-dominant inheritance. 20 A larger study focusing on APOE4E4 carriers should be performed to assess the rate of cooccurence with one PSEN1, PSEN2 or APP variant.
The main limitation of our study is that we did not assess copy number variants (CNVs) in the 264 patients with no genetic prescreening (the other patients were prescreened for APP duplications). Of note, APP duplications were previously identified in patients with familial EOAD and/or cerebral amyloid angiopathy with an AOO before 65 years in our series (61 patients from 12 families), 1 as well as in the UK series with broader inclusion criteria, 21 suggesting that our national guidelines would have allowed identifying all or nearly all APP duplications among the samples referred to our center. APP duplications have sparsely been identified in sporadic cases of early-onset cerebral amyloid angiopathy but were not systematically assessed in EOAD sporadic patients, to our knowledge. 22 Further CNV analysis, however, remains necessary.
Importantly, no cause other than AD was found by looking at a list of genes where variants causing Mendelian forms of other types of dementia were reported. Note that we analyzed the TREM2 gene here as a recessively inherited cause of frontotemporal-like dementia. Interestingly, the AD-associated c.140G4A, p.(Arg47His) variant was found in 4 patients (4/424, 0.9%), which is consistent with previous studies. [23] [24] [25] In Mendelian diseases, different strategies of WES and whole-genome sequencing allowed the identification of numerous new disease-causing genes and sometimes revealed unexpected results, such as variants affecting function in genes previously known to cause different disorders. 26 In addition, NGS allowed enlarging the phenotype associated with several genes, especially in developmental disorders (eg, autism spectrum disorder/intellectual disability/epilepsy) 26, 27 and in cancer genetics. 26 Regarding neurodegenerative diseases, it is debated whether and how several genes causing well-delineated disorders could be the cause of different neurodegenerative diseases when carrying variants affecting function. For example, C9ORF72 GGGGCC hexanucleotide repeat expansions (which cannot be detected by sequencing), typically causing frontotemporal dementia -amyotrophic lateral sclerosis spectrum were found in patients with an AD phenotype or Parkinson's disease, but rarely in controls too, making this finding difficult to interpret. 28, 29 It remains possible for these late-onset cases that AD pathology occurred independently of C9ORF72 expansions. 30 Similarly, at least one neuropathologically proven AD case was found to harbor a loss-offunction variant of GRN. 31 Apparently consistent with the hypothesis of several genes causing different dementing disorders, Guerreiro et al 32 reported a CADASIL-causing variant of the NOTCH3 gene in a family clinically diagnosed with AD. However, no evidence of an AD pathophysiological process was available, segregation analysis could not be interpreted, co-occurrence of two distinct diseases could not be excluded as consanguinity was observed and a recessive cause of AD-like dementia remained possible. Jayadev et al 33 reported the case of a patient with a nonsense PRNP variant, with a striking amnestic AD-like presentation. Neuropathological examination, however, revealed the presence of PrP immunopositive deposits and no Aβ-positive plaques, eventually confirming that this patient was not affected by AD and that this case was a clinical phenocopy. 33 The same nonsense PRNP variant was recently identified by WES in a patient with a similar AD-like clinical presentation, and neuropathological examination was unavailable. 34 Use of amyloid biomarkers could have helped reclassify the disease, while clinical history was not suggestive of a classical PrP-associated syndrome. In clinical practice, the diagnosis of AD is usually based on recent McKahnn's criteria, 35 also used in research cohorts 36 and international clinical trials. 37 Although the sensitivity of these clinical criteria is rather high (80%), their specificity is o70% for probable AD. 38, 39 This diagnostic uncertainty has a major impact on molecular diagnostic strategy and may lead to wrongly attribute a disease to a variant affecting function. To help solve this issue, it has been shown that the use of CSF biomarkers can improve the validity of clinical criteria. 38, [40] [41] [42] We therefore strongly recommended providing evidence of the AD pathophysiological process prior to any WES.
In conclusion, we identified EOAD patients with no strong predictive arguments for a PSEN1, PSEN2 and APP causative, possibly or probably causative variant as patients with either a positive family history of LOAD only or sporadic EOAD starting after 50 years. The assessment of differential diagnoses by looking at a list of 20 dementiacausing genes in our EOAD patients did not reveal any probably causative variant, suggesting that an enlargement of the phenotype associated with these genes to well-characterized EOAD is unlikely or marginal. However, the role of rare and patient-specific variants among these genes, as well as in AD candidate genes, remains to be elucidated.
